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ABSTRACT

Kratom, a plant native to Southeast Asia, has gained attention as a potential alternative to opioids for pain
relief and managing withdrawal symptoms. However, concerns about its safety persist due to reported
adverse effects and drug interactions. Despite having at least 50 alkaloids, the pharmacological properties
of kratom remain poorly understood due to limited research. In this study, molecular dynamics (MD)
simulations were employed to investigate interactions of three major alkaloids of kratom—mitragynine, 7-
hydroxymitragynine, and mitragynine pseudoindoxyl—with a dipalmitoylphosphatidylcholine (DPPC) lipid bilayer.
These alkaloids were initially placed in the aqueous phase in order to allow for unbiased diffusion into the
lipid bilayer. The simulation revealed rapid permeation of all three compounds, with mitragynine exhibiting
the fastest insertion time (~16 ns), followed by mitragynine pseudoindoxyl (~32 ns) and 7-
hydroxymitragynine (~33 ns). Upon entry, they predominantly localized near the lipid-water interface,
forming hydrogen bonds with both water molecules and lipid phosphate groups. Mass density profiles and
distance analyses further demonstrated that mitragynine and mitragynine pseudoindoxyl remained closer to
the lipid headgroups, while 7-hydroxymitragynine penetrated deeper into the hydrophobic core. These
findings highlight the amphiphilic nature of kratom alkaloids, with a tendency for hydrophobic interactions,
consistent with their physicochemical properties. In conclusion, this is the first study that provides fundamental insights
into the membrane partitioning behavior of kratom alkaloids, emphasizing their rapid permeation and bilayer
localization. Such knowledge could guide the rational design of safer and more effective therapeutics for pain
management, opioid withdrawal, and other pharmacological applications, addressing the need for
alternatives to classical opioids.
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1.0 Introduction

Mitragyna speciosa, commonly known as
kratom (or "ketum" in Malaysia), is a
psychoactive plant native to Thailand,
Malaysia, and Indonesia, where it has been
traditionally consumed by chewing or
brewing its leaves to relieve fatigue and pain.
The plant’s legal status varies widely across
the region: Malaysia prohibits it under the
Poisons Act 1952 (1), penalizing possession
despite allowing cultivation; Singapore
enforces a strict ban with severe penalties;
Thailand legalized kratom in 2021, removing
it from the narcotics list to regulated medical
and traditional use (2); while Indonesia
permits commercial export but restricts
domestic consumption through unwritten
policies, despite lacking official legislation. In
Western countries, kratom has gained
popularity primarily for self-treatment rather
than recreation. According to the survey in the
US in 2021, more than 60% kratom users
using it as alternative therapy for chronic pain
management, 20-30% for anxiety and
depression symptoms, and ~15% for opioids
withdrawals (3, 4). Despite warnings from the
U.S. Food and Drug Administration (FDA)
about potential risks, kratom remains federally
unregulated in the U.S (5).

Reports show kratom can cause nausea,
dizziness, and constipation, while heavy use
risks liver damage, seizures, and heart issues.
Dependence and withdrawal are well
documented. More dangerously, adulterated
products often contain synthetic opioids or
heavy metals, linked to fatal overdoses. The
FDA warns against use, especially with other
substances, due to these unpredictable risks
(5-8).

The pharmacological properties of kratom
stem from its diverse alkaloid profile, with
more than 50 natural alkaloids identified (9,
10). Among these, mitragynine and 7-
hydroxymitragynine are the most extensively
studied  (11).  Mitragynine  constitutes
approximately 66% of the crude alkaloid

content, while 7-hydroxymitragynine accounts
for less than 1% (12). Both alkaloids exhibit
opioid-like effects, acting as partial agonists of
the p-opioid receptor (MOR) and weak
agonists of the k-opioid (KOR) and 6-opioid
(DOR) receptors (11,13). These receptors
belong to the G-protein-coupled receptor
(GPCR) superfamily, which features a
conserved  structure  comprising  seven
transmembrane o-helices interspersed with
extracellular and intracellular loops (14). While
MOR activation underpins the analgesic effects
of opioids, it is also associated with undesirable
side effects such as dependence, tolerance,
respiratory depression, and gastrointestinal
disturbances (15,16). Interestingly, mitra-
gynine and 7-hydroxymitragynine have
garnered significant attention as potential
alternatives to classical opioids for pain
management and other therapeutic applications.
Several studies reported that mitragynine exhibited
analgesic effects through partial agonism at
MOR, while displaying a lower risk of
respiratory depression compared to traditional
opioids such as morphine (12, 17, 18).
Similarly, 7-hydroxymitragynine, a potent
metabolite of mitragynine, has demonstrated
enhanced analgesic activity, making it a
promising candidate for pain relief (12, 17, 19).
Mitragynine pseudoindoxyl, another derivative,
has shown potential as a biased agonist to opioid
receptors, offering a pathway to develop safer
and more effective analgesics (20). These three
alkaloids are shown to be more potent than
morphine, while exhibit less addiction effects,
thus making them attractive compounds for
therapeutics usage.

Studies using animal models, receptor-
binding assays, and computational approaches
further revealed that mitragynine and 7-
hydroxymitragynine possessed high affinities for
opioid receptors, and mitragynine pseudoindoxyl
demonstrated strong interactions with both MOR
and DOR but moderate affinity for KOR (8,
17). Comparatively, synthetic opioids such as
fentanyl exhibit markedly higher potency at
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MOR, being over 50 times more potent than
morphine (21, 22). Notably, fentanyl rapidly
partitioned into lipid bilayers and directly
interacted with the MOR orthosteric pocket via
membrane penetration, meanwhile morphine
swiftly migrated from water milieu to lipid
environment (23, 24). These findings highlight
the critical role of membrane dynamics in
facilitating ligand-receptor interactions and
underscore the potency of fentanyl relative to
both mitragynine and morphine (19, 25).
Interactions between drugs or natural
products and cellular membranes are essential
for understanding their pharmacokinetics and
pharmacodynamics. Physicochemical properties
such as lipophilicity, charge, and size influence
a compound's ability to traverse phospholipid
bilayers, ultimately determining receptor
accessibility (26, 27). For example, opioids
such as fentanyl and morphine utilize distinct
membrane-mediated pathways to reach their
target receptors (23, 24). Similarly,
cannabinoids have been shown to directly
access receptor binding pockets via lipid
membranes (28). Despite the significant
pharmacological interest in kratom alkaloids,
their interactions with membrane lipids remain
poorly characterized due to limited studies.
MD  simulations have become an
indispensable tool for studying drug-membrane
interactions, offering atomic-level insights into
the behavior of drug molecules within lipid
bilayers  (29-31). Unlike experimental
techniques, MD simulations allow researchers
to observe dynamic processes such as drug
penetration, localization, and aggregation in
real-time (32). This is particularly valuable for
understanding the behavior of amphiphilic
drugs that exhibit complex interactions with
lipid bilayers due to their dual affinity for polar
and nonpolar environments (33). Using MD
simulations, predictions can be made for drug
bioavailability, membrane permeability, and
potential pharmacological effects, providing a
foundation for rational drug design and
optimization (32). Therefore, in this study, we

employed all-atom MD simulations to
investigate the interactions of kratom alkaloids;
mitragynine, 7-hydroxymitragynine, and
mitragynine pseudoindoxyl—with lipid bilayers.
Our findings provide detailed atomic-level
insights into the dynamics and energetics of
these interactions, contributing to a deeper
understanding of kratom’s pharmacology and
its potential as a therapeutic agent.

2.0 Materials and Methods
2.1 Ligand Preparation

All selected ligands were chosen because
previous research demonstrated their agonistic
binding to the p-opioid receptor (8). Structural
information of the three kratom alkaloids:
mitragynine,  7-hydroxymitragynine  and
mitragynine pseudoindoxyl were obtained
from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/),

PubChem ID: 3034396, 44301524, 44301701,
respectively. The Automated Topology Builder
(ATB) (https://atb.uq.edu.au/) server (34) was
utilized to obtain GROMACS topology files
for the alkaloid molecules to be used for the
MD simulations. In ATB, the net charge of
each alkaloid was set to 0 for the neutral state,
while for the protonated state, it was set to +1.

2.2 Alkaloid-Lipid System Setup

The input structures of the pre-equilibrated lipid
bilayer of 128 dipalmitoyl-phosphatidylcholine
(DPPC) lipids were obtained from our previous
study (35). The simulation box for the lipid
bilayer-water system was set to 6.418 X 6.443
X 8.000 nm. In each system, an alkaloid
compound was positioned in the water
environment approximately more than 10 A
distance from the nearest lipid headgroup and
the box edges. The systems were solvated with
a total of 6169 water molecules. Counterions
Nat+ and Cl- were added to neutralize the
overall charge of the system.
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Figure 1: 2D structures of (A) mitragynine, (B) 7-hydroxymitragynine, (C) mitragynine

pseudoindoxyl and (D) DPPC.
2.3 Molecular Dynamics Simulations

MD simulations were performed using the
GROMACS software package 2021.5 (34, 36,
37) using GROMOS-54A7 force field (36,
38) with a modified version of parameter
54A7 to include Berger lipid parameters of
the DPPC lipids. The SPC (Simple Point
Charge) model was used to represent the

water (39). Prior to the production
simulations, the initial systems were
subjected to 1000 steps of energy

minimization using the steepest descent
algorithm to remove interatomic clashes,
followed by the canonical NVT (constant
temperature), and NPT (constant pressure)
equilibrations. The long-range Coulombic
interactions were evaluated using Particle
Mesh Ewald (PME) method (40) with a cutoff
set at 1.2 nm. For the van der Waals
interactions, a cutoff distance of 1.2 nm was
used. Bonds to H atoms were constrained

using the LINCS algorithm (41). Periodic
boundary conditions were used in all
directions. The temperature for the DPPC was
stabilized at 323 K with a time constant of
7T= 0.1 ps. All production simulations were
carried out for 100 ns each with a timestep of
2 fs under the isothermal-isobaric (NPT)
ensemble, which maintains a constant number
of particles, temperature and pressure.
Production run for each set of systems was
repeated three times (triplicates) to obtain
statistics.

Partial density of the system, root mean
square deviation (RMSD), distance of the
alkaloids to the membrane and hydrogen bond
analyses were computed wusing the
GROMACS internal tools. The output data
were analyzed using the XMGrace program
(https://plasma-gate.weizmann.ac.il/Grace/),
and the plots were prepared using Gnuplot
(http://www.gnuplot.info/) (42). The PyMOL
program (43, 44) was used for visualization,
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interaction analysis and for making images.
The area per lipid and the thickness of the
bilayer were analyzed by using the GridMAT-
MD scripts (45).

3.0 Results

3.1 Overall Observation During the Alkaloid-
Lipid Bilayer Simulations

MD simulation is a powerful tool for studying
the membrane permeability of small
molecules. Explicit all-atom MD simulations
provide detailed insights into atomic
interactions within a system that mimics the
natural environment of the target molecule.
While experimental methods offer valuable
information about membrane interactions,
they often lack the temporal and spatial
resolution to capture dynamic processes, such
as the real-time permeation of molecules
through lipid bilayers or the formation of
transient interactions at the atomic level. MD
simulations address these limitations by
providing a high-resolution, time-resolved
view of molecular behavior, making them an
essential complement to experimental studies.

In this study, we employed MD
simulations to investigate the behavior of
kratom alkaloids in membrane lipid bilayers.
To model the cell membrane, we used a
DPPC lipid bilayer, a widely accepted and
computationally efficient representation of
mammalian cell membranes. While real cell
membranes are composed of diverse lipid
species, DPPC serves as a well-characterized
model system that captures the essential
physicochemical properties of lipid bilayers,
such as phase behavior, fluidity, and
permeability. Its simplicity allows for clear
interpretation of molecular interactions,
making it an 1ideal starting point for
understanding the membrane partitioning
behavior of kratom alkaloids. The use of
DPPC as a model membrane is well-
supported in the literature. For instance, high-

impact studies have extensively utilized
DPPC bilayers to investigate the interactions
of small molecules, peptides, and drugs with
lipid membranes (46—48). These studies
demonstrate that DPPC provides a reliable
and reproducible platform for elucidating
fundamental membrane processes, such as
permeation, partitioning, and molecular
orientation at the lipid-water interface. By
adopting this established approach, our work
aligns with prior research while contributing
new insights into the behavior of kratom
alkaloids.

Based on the simulation trajectories, the
behavior of the alkaloids was visualized
throughout the 100 ns MD simulations.
Overall, all three kratom alkaloids—
mitragynine, 7-hydroxymitragynine, and
mitragynine pseudoindoxyl—rapidly
penetrated the lipid bilayer within 40 ns
(Figure 2). Among the alkaloids, mitragynine
demonstrated the fastest translocation from
the bulk aqueous environment, occurring in
approximately 16 ns, likely due to its structure
that facilitating quicker interactions with the
hydrophobic core. The relatively small and
planar structure of mitragynine may
contribute to its efficient bilayer penetration
and stable interaction within the membrane
(Figure 2A). Mitragynine pseudoindoxyl and
7-hydroxymitragynine followed with nearly
identical penetration times of 32 ns and 33 ns,
respectively. Their slightly slower penetration
compared to mitragynine may be due to the
presence of the pseudoindoxyl and hydroxyl
groups, which could form additional
interactions with the lipid headgroups. Upon
entry, all three alkaloids remained localized
beneath the lipid headgroup region for the
remainder of the 100 ns simulation,
stabilizing in this position and indicating
strong hydrophobic interactions with the
membrane. This  consistent  bilayer
penetration behavior highlights the potential
of the kratom alkaloids for efficient
membrane integration, which could influence
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their pharmacokinetics and interactions with
cellular membranes.

3.2 Dynamics Analyses of the Alkaloid-Lipid
Bilayer Model Systems

Key properties of lipid bilayers, such as area
per lipid and membrane thickness are
essential for assessing their structural
integrity and behavior. Among these, the area
per lipid is a critical parameter, as it provides
insights into the structural organization of the
lipid bilayer, and validates the accuracy of the
simulation models and force fields. In this
study, the area per DPPC molecule was
determined by tracking the positions of all
atoms over time and calculating the average

achieved by summing the areas of all lipid
molecules and dividing by the total number of
lipids, yielding the mean area per lipid.

For the pure DPPC bilayer, the area per
lipid was measured as 0.646 £ 0.02 nm?,
consistent with established values. Upon the
introduction of neutral alkaloids, the area per
lipid increased to 0.753 £ 0.04 nm?, indicating
that the alkaloids disrupted lipid packing and
expanded the surface area. In contrast, the
presence of the protonated alkaloids resulted
in an area per lipid of 0.698 £+ 0.03 nm?,
reflecting a smaller expansion compared to
neutral alkaloids but still larger than the pure
DPPC system (Table 1). These observations
suggest that neutral alkaloids exert a
more pronounced effect on lipid packing
than protonated alkaloids.

area occupied by each lipid. This was

16ns

100ns

Figure 2: Interactions of kratom alkaloids with DPPC lipid bilayers during the 100 ns MD
simulations. Snapshots of the final simulation trajectory for the alkaloid-DPPC systems: (A)
mitragynine (green spheres), (B) 7-hydroxymitragynine (blue spheres), and (C) mitragynine
pseudoindoxyl (magenta spheres). Other molecules in the systems are lipid headgroup (orange

spheres), lipid tails (brown sticks) and water (red sticks).
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Table 1: Analyses of area per lipid and membrane thickness for the pure DPPC lipid bilayer and the
alkaloid-DPPC bilayer systems during the 100 ns of MD simulations.

Bilayer DPPC only DPPC- DPPC- Experimental References
property Neutral Protonated References (MD
Alkaloid Alkaloid simulation
DPPC only)
Area per 0.646 +0.02 0.753 £ 0.04 0.698 +0.03 0.633-0.729 (49) 0.600 (39)
Lipid
(nm?) 0.655 (50)
Membrane 3.895+0.01 3.912+0.01 3.943 +£0.02 3.83 (49) 3.60 (39)
Thickness
(nm)
>
8
2-coordinates (nm)
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Figure 3: The mass densities of a single kratom alkaloid in DPCC lipid bilayer during the 100 ns
MD simulation. (A) The snapshot of 100 ns DPPC bilayer overlayed with the mass density profile of
the pure lipid bilayer system. Headgroups (black), glycerol ester (red), acyl chains (green), water
(blue), lipid headgroup (orange spheres), lipid tails (brown sticks) and water (red sticks). The mass
densities plots of kratom alkaloids in DPPC lipid bilayer: (B) mitragynine (green line), (C) 7-
hydroxymitragynine (blue line) and (D) mitragynine pseudoindoxyl (magenta line).
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Notably, all measured values remained within
the physiological range for DPPC lipids
(0.629 - 0.712 nm?), as reported in
experimental studies (39, 49, 50). Similarly,
membrane thickness was evaluated for all
systems (Table 1). For the pure DPPC bilayer,
the membrane thickness was 3.895 £+ 0.01 nm,
in close agreement with experimental data
(49) and previous MD simulations (39).

In the presence of neutral and protonated
alkaloids, the membrane thickness increased
slightly to 3.912 = 0.01 nm and 3.943 + 0.02
nm, respectively. This increase suggests that
the insertion of alkaloid molecules enhances
the ordering of lipid acyl chains, resulting in
a thicker membrane structure. Importantly,
the membrane thickness values for all systems
remained within the physiological range for
DPPC lipids (49).

The mass density profile is another
fundamental property used to characterize the
structural organization of lipid bilayers at the
molecular level. It provides a spatial
distribution of the mass density of different
components (e.g., lipid headgroups, tails,
water, and embedded molecules) along the
axis perpendicular to the bilayer plane (z-
axis). This profile 1is essential for
understanding the arrangement and dynamics
of lipids and other molecules within the
membrane, as well as their interactions with
the surrounding environment. In this study,
the mass density profiles of all model systems
were computed during the final 50 ns of the
simulations. This is to ensure that the systems
already converged and reach stable
configuration. In all simulations of alkaloid-
DPPC systems, the mass density distribution
of the major molecules within the lipid bilayer
closely matches the mass densities of the pure
DPPC lipid-water system (Figure 3 (A)). This
indicates the overall structure and
organization of the DPPC lipid bilayer
remains stable during the presence of a
kratom alkaloid.

Based on the individual analysis of each
alkaloid, the density distribution exhibited
their positions averagely located at the acyl
chains of the DPPC lipid bilayer, which
indicate their preference to interact with
hydrophobic molecules. As shown from
Figure 3, mitragynine and mitragynine
pseudoindoxyl molecules exhibit similar
density distributions (z position between 1 to
0), with the peak at 0.48 + 0.14 nm and 0.33
+ 0.18 nm, respectively. Meanwhile, the 7-
hydroxymitragynine molecule shows its
density peak at -0.72 £ 0.15 nm, which
indicates that its locations average at the other
lipid leaflet. The density analysis indicates
that these alkaloids are able to penetrate
deeper into the hydrophobic core region,
nevertheless still interacting with the polar
region of the lipid bilayers as illustrated in
Figure 2.

3.2 Inter-molecular Interactions of Kratom

Alkaloids with DPPC Lipid Bilayer and
Water Molecules

Interactions between the kratom alkaloids
and lipid bilayer was evaluated based on the
distance between the alkaloid molecules to
the phosphate head groups of the lipid bilayer
throughout the 100 ns MD simulations.
Figure 4 shows the average distance of each
alkaloid from their initial position in the water
phase to the time when they start to penetrate
the lipid bilayer, and then when they
subsequently localize beneath the lipid
headgroups till the end of the simulations.

During the simulations, all the three
alkaloids were observed to enter the lipid
bilayer within 40 ns in the initial run. The
interaction between the alkaloid molecules
and the bilayer was detected at a distance of
approximately 3 nm. Among the three
alkaloids, mitragynine exhibited the fastest
interaction with the lipid bilayer in the first run,
penetrating within ~16 ns.
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Figure 4: Distances between the alkaloids and the lipid headgroups during the 100 ns MD simulations. MD simulations of (A) mitragynine (green),
(B) 7-hydroxymitragynine (blue), and (C) mitragynine pseudoindoxyl (magenta).
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Figure 5: Hydrogen bond interactions between the alkaloids and water molecules (A, B, C), and lipid (D, E, F) during the 100 ns MD simulations.
MD simulations of mitragynine (A, D), 7-hydroxymitragynine (B, E), and mitragynine pseudoindoxyl (C, F).
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Over the final 50 ns of the simulations,
mitragynine remained closest to the polar
head groups of the lipids, as evidenced by an
average distance of 1.23 + (.71 nm between
mitragynine and the lipid head groups. In
contrast, 7-hydroxymitragynine and
mitragynine pseudoindoxyl penetrated the
bilayer more slowly in the initial run, taking
approximately ~30 ns to interact with the lipid
bilayer. By the end of the simulations, both
alkaloids positioned themselves further from
the lipid head groups compared to
mitragynine. The average distances for
mitragynine  pseudoindoxyl and = 7-
hydroxymitragynine were 2.40 = 0.31 nm and
3.62 £ 0.27 nm, respectively. These results
suggest that 7-hydroxymitragynine and
mitragynine pseudoindoxyl preferentially
localize in more hydrophobic regions of the
bilayer, reflecting their stronger affinity for
hydrophobic environments compared to
mitragynine. However, it is important to note
that these results represent the first run of the
simulation. In one of the three replicate runs,
mitragynine exhibited insertion only after 50
ns (Supplementary Figure 1), suggesting that
the type of alkaloid may not be the sole
determinant of penetration speed. Variability
in insertion times across replicates highlights
the influence of random or unpredictable
factors, such as the initial orientation of the
molecules or random movements caused by
thermal energy during the permeation
process.

Hydrogen bond analysis was performed to
provide detailed insights into the interactions
between the alkaloids and the lipid bilayer
(Figure 5). In this study, hydrogen bond
interactions were calculated for both water
molecules and DPPC lipids. For interactions
with water, hydrogen bonds were identified
between the oxygen atoms of water and the
hydrogen atoms of polar functional groups in
the alkaloids, such as hydroxyl or amine
groups. These interactions reflect the ability
of the alkaloids to form stable hydrogen

bonds with the aqueous environment. For
interactions with DPPC lipids, hydrogen
bonds were analyzed between the polar
headgroups of the lipids and the alkaloids.
Specifically, the phosphate oxygen atoms and
ester carbonyl oxygen atoms of the DPPC
lipid headgroups served as hydrogen bond
acceptors, while the hydrogen atoms of the
alkaloids' polar functional groups acted as
hydrogen bond donors.

During the simulations, given that the
alkaloids were initially positioned in the water
phase, they formed a significant number of
hydrogen bonds with water molecules at the
beginning. As shown in Figure 5 (A, B, and
(), the three alkaloids were able to form up to
seven hydrogen bonds with water molecules
before entering the lipid bilayer. However, as
the simulation progressed, the alkaloids
diffused toward the lipid bilayer, resulting in
a gradual reduction in hydrogen bonds with
water as they began to interact more with the
lipid headgroups. Then, after localizing
within the bilayer, the number of hydrogen
bonds with water decreased to an average of
two for mitragynine and one for 7-
hydroxymitragynine and mitragynine
pseudoindoxyl. Nevertheless, even after
residing in the lipid region, the alkaloids
remain interacting with water molecules. This
is attributed to their predominant localization
near the lipid-water interface, where they
positioned themselves beneath the lipid
headgroups but remained accessible to the
aqueous phase. Furthermore, the polar
headgroups of the DPPC lipids are hydrated
and interact with water molecules at the
interface. Consequently, the amphiphilic
nature of the alkaloids allows them to form
hydrogen bonds with water molecules drawn
into the lipid interface.

In contrast to the hydrogen bond
interactions with water, interactions with the
lipid headgroups were minimal at the start of
the simulations. This was logical, as the
alkaloids were initially located in the water
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phase, far from the lipid bilayer. However, as
the simulation progressed and the alkaloids
began to interact with the lipid bilayer,
hydrogen bond formation with the lipid
headgroups increased. The increase in
hydrogen bonds with the lipid headgroups
coincided with the penetration of the alkaloids
into the bilayer. Specifically, the polar
functional groups of the alkaloids, such as
hydroxyl and amine groups, formed hydrogen
bonds with the phosphate oxygen atoms and
ester carbonyl oxygen atoms of the DPPC
lipid headgroups. Based on the observations
during the simulations (Figure 5 (D, E and
F)), mitragynine and mitragynine
pseudoindoxyl formed hydrogen bonds with
the DPPC lipids before fully entering the lipid
region. After localizing within the bilayer,
both alkaloids continued to form at least two
strong hydrogen bonds with the lipid
headgroups until the end of the simulations,
indicating their preference to remain close to
the lipid headgroups. In contrast, 7-
hydroxymitragynine began forming hydrogen
bonds with the lipid bilayer at approximately
20 ns, consistent with its later insertion into
the bilayer at ~30 ns. After residing in the lipid
bilayer, 7-hydroxymitragynine maintained an
average of one hydrogen bond interaction
with the lipid headgroups. From the plots,
there were periods where absent hydrogen bonds
were observed, which illustrated that 7-
hydroxymitragynine occasionally localized deeper
into the hydrophobic core region. This behavior
aligns with the mass density profile of 7-
hydroxymitragynine (Figure 3C), which
shows its average density positioned deeper to
the other lipid leaflet, farther from the polar
headgroup region. At this depth, 7-
hydroxymitragynine is less accessible to the
lipid headgroups, explaining the absence of
hydrogen bonds during these intervals.

The hydrogen bond analysis revealed
opposite trends for interactions with water
and lipid headgroups during the simulation.
The alkaloids formed numerous hydrogen

bonds with water during the initial stage but
showed minimal interactions with lipids. As
they penetrated the bilayer, hydrogen bonds
with water decreased, while those with lipid
headgroups increased, reflecting their
transition from the aqueous phase to the lipid
environment. This behavior aligns with the
positions of the alkaloids in the lipid bilayer
system.

4.0 Discussion

In this study, findings from MD simulations
revealed distinct yet consistent behaviors
among the kratom alkaloids, highlighting
their interactions with DPPC lipid bilayers.
Mitragynine, 7-hydroxymitragynine, and
mitragynine pseudoindoxyl exhibited
amphiphilic behavior, localizing near the lipid
headgroups while embedding in the
hydrophobic  core. These amphiphilic
molecules formed hydrogen bonds with the
polar headgroups of DPPC lipids as well as
with the water molecules at the lipid-water
interface. This dual behavior is consistent
with known amphiphilic drugs, such as
fentanyl and buprenorphine, which also
exhibit membrane localization near lipid
headgroups (12, 17). Fentanyl was reported to
orient itself parallel to the headgroups while
forming interactions with the water molecules
at the interface that lead to disruption of lipid
ordering, while propofol, a general anesthetic,
prefers to interact with the carbonyl oxygen
groups, exhibited minimal changes to the
lipid bilayer (51).

The mass density profiles, hydrogen bond
analysis, and distance = measurements
collectively  elucidate the localization
preferences of the alkaloids within the lipid
bilayer. Mitragynine and mitragynine
pseudoindoxyl predominantly localized near
the lipid-water interface, as evidenced by
their closer proximity to the lipid headgroups
(average distances of 1.23 £0.71 nm and 2.40
+ 0.31 nm, respectively) and consistent
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hydrogen bonding with both water and lipid
headgroups. This positioning reflects their
balanced affinity for both hydrophilic and
hydrophobic environments, allowing them to
maintain interactions with the aqueous phase
while embedding into the lipid bilayer. The
ability of these alkaloids to form multiple
hydrogen bonds with lipid headgroups likely
contributes to their stable positioning within
the bilayer, potentially influencing membrane
properties such as fluidity and permeability.
Similar behavior has been observed in studies
of other small molecules, such as flavonoids
and anesthetics, which also form hydrogen
bonds with lipid headgroups to stabilize their
position in membranes (27, 52). In contrast,
7-hydroxymitragynine exhibited a stronger
preference for the hydrophobic core, as
indicated by its deeper penetration into the
bilayer (average distance of 3.62 + 0.27 nm
from the lipid headgroups) and intermittent
hydrogen bonding with lipid headgroups.
This behavior aligns with its distance analysis
and mass density profile, which shows the
average positions of 7-hydroxymitragynine
located deeper within the bilayer, farther from
the polar headgroup region. The 7-
hydroxymitragynine  localization likely
reduces its accessibility to the lipid
headgroups, explaining the fewer and less
stable hydrogen bonds observed. This is
analogous to the behavior of cholesterol,
which also resides deep within the
hydrophobic core and forms minimal
hydrogen bonds with lipid headgroups (53).
The results of this study provide valuable
insights of kratom alkaloids interacting with
the lipid bilayer. However, it is important to
note that these findings are based on
simulations representing only a single
alkaloid molecule in the lipid bilayer system.
In biological systems, higher concentrations
of alkaloids or the presence of multiple
alkaloid types within the cell membrane could
lead to significantly different behaviors. For
example, molecular aggregation—a

phenomenon well-documented for other
bioactive compounds—could profoundly
alter membrane interactions. A report on
fentanyl has demonstrated that molecular
aggregation reduces membrane permeability
and modifies pharmacological activity (54).
Similarly, morphine molecules have been
shown to form assemblies that interact
strongly with lipid phosphate groups while
embedding in the hydrophobic region (12,
17). These findings highlight the critical role
of molecular aggregation in drug delivery
systems, as it can markedly influence drug
bioavailability and efficacy. This is further
supported by studies on curcumin and
doxorubicin, where aggregation has been
shown to reduce membrane permeability due
to the increased effective size of the drug
molecules (55-57). The assembly of bioactive
compounds in the aqueous phase before
entering the lipid bilayer can prevent or delay
the permeability, and potentially disrupt the
cell membrane if the assembled molecules
traverse the bilayer. These possibilities
emphasized the need for further studies to
explore the effects of alkaloid concentration,
mixtures, and aggregation on membrane
dynamics.

5.0 Conclusion

This is the first study that provides detailed
insights into the membrane interactions of
three kratom alkaloids — mitragynine, 7-
hydroxymitragynine, = and  mitragynine
pseudoindoxyl—using MD simulations. The
results reveal that all three alkaloids rapidly
permeate into the lipid bilayer, but their
localization preferences slightly differ.
Mitragynine and mitragynine pseudoindoxyl
predominantly localized near the lipid-water
interface, maintaining interactions with both
water and lipid headgroups, while 7-
hydroxymitragynine exhibits a stronger
preference for the hydrophobic core, as
evidenced by its deeper penetration and
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reduced hydrogen bonding with lipid
headgroups. These behaviors are supported
by mass density profiles, hydrogen bond
analysis, and distance measurements, which
collectively highlight the influence of the
physicochemical and amphiphilic properties
of the alkaloids on their membrane
interactions. Nevertheless, the study is limited
to single-molecule systems, and future work
should explore the effects of higher
concentrations, alkaloid mixtures, and
potential molecular aggregation on membrane
dynamics. Such investigations will further
elucidate the pharmacological implications of
kratom alkaloids and their potential as
therapeutic agents.
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